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STUDY OF GROUND-REACTION FORCES MEASURED DURING LANDING
IMPACTS OF A TARGE ATRPLANEL

By Albert W. Hall, Richard H. Sawyer, and James M. McKey
SUMMARY

Some results are presented of tests conducted on a large bomber-
type airplane to determine the ground-reaction forces imposed on the
main landing gear under actual lending conditlions. The data were obtained
from 30 landings mede at vertical velocities up to 8.4 feet per second
and at forward ground speeds from 81.0 to 119.5 knots on both wet and
dry concrete runweys.

The vertical force on the landing geer truck et which the oleopneu-
matic shock strubt began to compress varied over a wide range. There
appeared to be no relation between this breakout force and any other
force or condition of the impact.

The computed variation of maximum vertical force with wvertical veloc-
ity sgreed reasonably well with the experimental results.

Frequently there was an unequal division of the vertical force on
the two wheels of a truck, which resulted in unsymmetrical drag forces
particularly during the time when one wheel had spun up end the other
was still in the process of spinning up.

The mean vealue of coefficient of friction for the dry runway varied
from 0.40 at the beginning of spin-up to a maximum value of 0.72 at &
slip ratio of 0.13. The mean value of coefficient of friction for the
wet runwey varied from 0.20 at the beginning of spin-up to a meximum
value of 0.41 at & slip ratio of 0.0OT.

In the low vertical-force range, the side force varied with drift
angle and vertical force. At high vertical forces, side force varied
primarily with drift angle and further increase of vertical force had
little effect on side force at a given drift angle.

lSupersedes NACA Research Memorandum L55El2c¢ by Richard H. Sawyer,
Albert W. Hall, and James M. McKay, 1955.
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INTRODUCTION

The need for a more accurate knowledge of the loads imposed on the
landing gear has become increasingly important in the structural design
of airplenes. Prediction of dynamic structural loads on the lending
gear and on the aijrplane 1s possible by a ntmber of methods of dynamic
analysis which permit reasonable accuracy in the calculation of the
dynamic response when the forcing functions are known. In order to
obtain information on these forcing functions, the ground forces imposed
on the main landing geaxr of a lerge airplane under actual landing condi-
tions were measured. The main landing gear of this airplane was equipped
with strain gages and linear end angular accelerometers in order to meas-
ure ground-reaction forces during lending impects. The airplane was
equipped with various types of speclal and standard flight instruments
to determine the landing-impasct and landing-approasch conditions.

The results presented in this report include the variation of verti-
cal force with vertical velocity, the variation of the coefficient of
friction with slip ratio during the spin-up process for both wet and dry
concrete surfaces; and the side-force variastion with drift angle and
vertical force.

SYMBOLS

Fn drag force (forward and rearward direction), 1b

Fq gside force, 1b

Fy vertical force, 1b

Ig moment of Inertis of wheel ebout axle, 33.5 slug-ft2

Ks tire latersl deflection paremeter, y/Fg, £t/1b

M axle bending moment; used with subscripts h and v to
denote moments in horizontal and vertical planes,
respectively

r3 distance from axle to ground (Undeflected tire radius minus

Tire deflection), ft
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T torque, Fyry
Vy vertical velocity of landing gear, fps
W gross welght of ailrplane, 1b
Yy lateral shift of vertical-force center of pressure due to
gide force, ft

) angular acceleration of wheel, radians/sec®

. Fn
! coefficient of frietion, — '

Fy
Subscripts:
1 axle strain-gege station 1
2 axle strain-gage station 2
max maximum
LANDING GEAR

The airplene used in the investigation (fig. 1) had a conventional
tricycle landing gear with dual wheels on the main and nose gear, each
wheel having a separate axle. The general arrangement of one of the
main-landing-gear trucks is shown in figure 2 with one wheel removed.
(The term "truck" is used in this report when a pair of wheels is
referred to as a unit.) The main landing gear had smooth-contour tires
56 inches in diameter, inflated to & pressure of T5 pounds per square
inch for the light condition and 90 pounds per square inch for the heavy
condition., The tire treads used in the tests on the dry runway were
diamond, oval, rib, and an interlocking cross-type pettern similar to
the ovel and diamond. The rib-type treads were installed at the time
of the tests on the wet runway. Each main wheel including the tire,
tube, brake, and instrumentation weighed spproximately TOO pounds. The
main-landing-gear oleopneumatic shock strut had a stroke of 12 inches
and was normelly inflated with alr so that it extended about 2 inches
from the bottomed position (compressed) while on the ground (approxi.-
mately TOO pounds per square inch for the light-weight condition) .
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INSTRUMENTATION

The quentities measured for the purpose of defining both the
landing-approach conditione end the impect and spin-up conditions are
as follows:

Approsch Impact
Center~of -gravity acceleration Wheel vertical reaction
Airspeed Wheel dreg reaction
Pitch attitude Wheel side reactlon
Pitching velocity Vertical velocity
Roll attitude Pire deflection
Rolling velocity Wheel rotational velocity
Yaw angle Shock-strut displacement -
Yewing velocity Wheel motion pictures
Drift angle
Control-surface deflections

The location of some of the instrumentetion is shown in figure 2.
The straln-gege locetions are shown in more detail In figure 3% which
represents a vertical cross section of the axle strueture. The straln
geges were also located in the same lateral position in the horizontal
plane. The strain-gage bridges located In the vertical plane measure
the bending moment at stations 1 and 2 due to the vertical component of
force applied at the axle and the moment due to side force. Similarly,
the strein gages in the horizontal plane measure the bending moments
due to the horizontel component of force at the axle and the moment con-
tributed by the side force when it is out of the vertlcal plane. The
lineasr accelerometers mounted on the outer brake shoe were used to
determine the horlzontel end vertical inertie forces. Angulsr acceler-
ometers mounted inside the outboard wheels were used to measure angular
acceleration of the outboard wheels. The mean tire deflections for each
pair of wheels were obtained by means of a slide-wire position recorder
connected to & trailing srm which was mounted between the wheels. The
vertical velocity of each truck was measured by an electromagnetic
generator sttached to the trailing arm, similar to the arrangement
described in reference 1. The angular velocity of each wheel was meas-
ured by a tachometer mounted on the outer brake shoe and geared to the
wheel. The instruments used to measure the spproach conditions presented
in the foregoing table, except for drift angle, were standard NACA flight
recording instruments. The drift angle was measured by means of a 16-
millimeter motion-picture camere mounted on the bottom of the airplane
fuselege to photograph the runway directly below the camera. The shutter
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speed was slow enough to cause spots and irregularities on the runway

to appear as streaks on the film when the airplane was in motion. The
angle of these streeks relative to the edge of the picture was & measure
of drift angle. An NACA 0.0l-second timer was used to put a time signal
on each recorder and on the edge of the 16-millimeter motion-picture
film. An attempt was made wherever possible to minimize instrument
response errors.

TEST PROGRAM

The test program consisted of 30 lendings made by & lérge bomber-
type airplane at vertical velocities renging up to 8.4 feet per second
and forward ground speeds &t contact from 81.0 to 119.5 knots. All of
the landings were made on concrete runways (nunbers 7 and 25) at
Langley Air Force Base, Va. Twenty-four landings were made with the
airplane gross weight between 95,000 and 100,000 pounds. Of these
24 landings, 18 were made on dry concrete and 6 were made on & runwey
wetted down by fire hoses to simulate & heavy rain. Six landings were
made on dry concrete with the airplane gross weight about 120,000 pounds.
Many of the landings consisted of several separate impacts on the seame
truck. The test conditions are presented in detail in tables I and IIT.

DATA REDUCTION

The main-landing-gear axle structure (fig. 3) was used as & strain-
gage balance to measure vertical, dreg, and side forces on the axle.
The accuracy of the strain-gege balance was poor in the low range (up
to about 4,000 pounds) and under certain combined forces due in part to
the nonhomogeneous axle and housing structure on which the strain geges
were mounted.

The following reletionships can be seen from figure 3 which shows

a vertical cross section of the axle structure end the components of
forces and moments in the vertical plane:

My1

Fpla+ (B -y)] -Fgry

Fy(B - y) - Fgrg

My,2
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Substituting gives

Mv,l = FVA + M§,2

Fv--.:MVl;M’V'E

Similarly, in a horizontal plane

- Mn,1 - Mp,2
h=
A

Thus, the magnitude of a force, regardless of its lateral position, could
be determined by measuring the moment at two positlons located a known
distance apart. As a result of interaction (effects of vertical forces
on horizontal strain geges and vice versa) and misalinement of the strain
gages, the final equations for measuring axle forces had the form:

Fy = Cy,aMy 1 + Oy, My o + Oy 3ty 1 + CyiMy 2

Fp = Ch,aM 1 + Cn oMy o + Cp,3My 1 + Op oMy o

where Cv(l,2,5,4) and C were constants determined from

h(1,2,3,k4)
celibration loadings.

The ground-reaction forces, both vertical and drag, were obtained
by adding inertis corrections to the axle forces. The inertia term was
the product of the mass outboard of the streain-gage stations (wheel,
brekes, instruments, etc.) and the vertical or horizontal acceleration
of the center of this mass. The accelerometers used to measure the
vertical and horizontal accelerations could mnot be located at the mass
center but were located as close as possible to the mass center on the
vertical axis and horizontal axis, respectively. Owing to the frequency-
response characteristics of the instrumentation, the inertis corrections
are in error when the force is changing very rapidly, such as occurs in
some cases of springback when the drag force goes from a large positive
(rearward) value to some negative (forward) value.

Because of the nature of the axle and housing structure it was vir-
tually impossible to locate strain gages which were primarily semnsitive
to side force. It became necessary to evaluate the side force TFg for
each wheel by means of the bending moment Mv,z produced by the side
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force and the vertical force on the axle. From figure 3 the following
relations are found:

My,20 = FV(B -y - FeTa

where by definition of Kg

¥y = KgFg
Therefore,
My = FyB - Falrg + FyKy)
or
F, = " Mv,2

The order of magnitude of Kg was determined from results presented in
reference 2. The value of the product KgF, was small in comparison
with the value of ry so that the actual velue of Kg was not critical.

The side-force results are believed to indicate qualitatively the nature
of side-force buildup and varistion with drift angle and vertical force.

The dreg force ¥Fy was determined from strain-gage measurements
Tor all of the wheels and also from angular-accelerometer measurements
for the outboard wheels of each truck. The angular-accelerometer method
involved the use of the expression T = Fyprgy = Ig8. Thls expression

neglects the torque produced by the vertical force Fy acting through
some forwerd or rearward displacement relative to the axle center line,
Although the forces asre of the same order of magnitude Fy = uFy, the
moment axrm of the vertical force is a small percentage of the moment arm
of the drag force. This method of measuring Fy is similar to that

used in reference 3 where the agreement with simultaneous dynamometer
measurements was good.

On the basis of calibration loading data and of comparisons of TFy

determined from both the straln-gage and angular-accelerometer measure-
ments for the outboard wheels, the drag-force data determined from the
angular-accelerometer method were felt to be the most relieble. The
strain-gage drag-force data for the outboard wheels were generally in
good agreement with the angulsr-accelerometer drag-force data but the
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strain-gage drag-force data for the inboard Wheels were considered unre-
liable in magnitude but usable to indicate the shape of the drag-force
time history for the impact. In presenting the coefficilent-of-friction
date, only ¥, obtained by the angular-accelerometer method was used.

RESULTS AND DISCUSSION

The approach conditlions just prior to ground contect are gilven in
tebles I and ITI. The maximum roll attitude was 2.9° (left wing down)
and all of the lendings except one had first contact of the main gear
on the left truck. For the landing in which the right truck made first
contact the roll attitude was 1.2° (right wing down). The pitch attitude
at contact covered a range from 0.1°, at which the nose wheels contacted
first, to 8.8°, at which the tail skid hit first. The airplane lift at
contact 1s presented in table II as center-of-gravity normal accelera-
tion Just prior to the time that the first wheel made contact. For the
30 landings the lift at contact varied from approximestely 94 to 111 per-
cent of the airplane weight. There appeared to be no consistent effect
of vertical velocity on 1lift at conbtact.

Typical samples of time histories of ground-reaction forces and of
the corresponding wheel angular velocities fér several impacts are given
in figure 4. These semples were selected as being typical of the vari-
ous conditions encountered during the test progrem. These conditions
sre discussed in detall in subsequent sections of this report. Some of
the impacts presented in figure 4 begin at velues of time other than
zero and this indicates that for this lending the particular impact
shown occurred after the first truck touched the runway, since zero time
was taken to coincide with the time of the first truck to contact.
Instrument fallures during the tests resulted in the loss of some data;
for example, in figure 4(b) part of the dreg time history by the angular-
accelerometer method is missing, and in figure 4(d) both drag time his-
tories are missing for the left outboard wheel.

Vertical Force .

Figure 4(a) illustrates an unequal division of vertical force Fy
between two wheels of the same truck, which is & result of one or more
factors, such as airplane roll attitude, landing-gear inclination (in
roll plane) due to wing bending, or differences in tire dismeter. During
this perticuler landing, the value of Fy was low and only the inboard

wheel spun up during the first impect while the outboard wheel partially
spun up and then spun up completely during the second impact. This
landing, in which one wheel completed its spin-up during the second
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impact, was typical of a number of landings encountered in this test
program. The impact shown in figure k(c) also shows an unequal division
of F, between the two wheels.

The point at which the oleo shock strut begins to compress is indi-
cated by ticks on the vertical-force time histories of figures h(b) to
4(£). For the impacts shown in figure 4(a) the shock strut did not com-
press during either impact. The value of F, &t which the shock strut

begins to compress (breskout force) is given in table I for all of the
impacts in which the shock strut compressed. This value of Fy 18 the

total vertical force on the truck (both wheels) at the instant the shock
strut breaks free and begins to compress. From teble I it may be seen
that the values of breskout force vary from 9,000 to 45,500 pounds. An
attempt to relate the breskout force to initial preloed and binding of
the strut due to drag force, vertical force, unsymmetrical vertical
force, etc., was not successful.

The effect of the sudden release of the shock strut on the vertical-
force time history is to decrease the rate of vertical-force bulldup end
in some cases even to reduce the vertical force for & short time
(rigs. 4(b) to L(£)).

The variation of maximm vertical force on the truck with vertical
velocity (fig. 5) was calculated by a numerical integration method simi-
lar to that discussed in reference L. In order to simplify the calcu-
lations, & symmetrical impact was assumed, the airplane was assumed to
be rigid, the lower or unsprung mass was neglected, the pneumatic force
was assumed to be constant, eand & linear approximation of the actual
static~-force-deflection characteristics of the tire was used. The phys-
ical characteristics of the shock strut of the airplane used in these
tests were used in these calculations, the alrplane weight was taken as
100,000 pounds, and the 1ift was assumed equal to the weight. One curve
was calculated by assuming zero breakout force and & constant metering-
pin area equal to that part of the pin in action at the beginning of the
stroke. Another curve was calculated by using the constant metering-pin
area, a shock-strut breakout force of 24,000 pounds, and the static tire
characteristics from zero to 24,000 pounds. As & point of interest it
mey be seen that the curve for zero breskout force can be transposed to
the curve for 24,000-pound breskout force by moving each point up
24,000 pounds and over 1.6 feet per second. Thus, a curve for zero
breekout force may be determined with the aid of charts presented in
reference L and then a curve for a given breakout force can be quickly
determined.

A third curve was calculated by using a 24,000-pound breskout force
and the actual metering-pin-ares varietion with strut stroke. At a
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value of Vi Just beyond a vertlcal velocity of 4,3 feet per second, the

stroke is sufficient to move the constant area portion of the metering
pin out of the orifice plane, and the effect of the decreasing metering-
pin ares with stroke becomes apparent in the reduction of maximum force
at a gilven vertical velocity.

Figure 6 shows the maximum vertical force on a truck divided by
one-half of the gross weight plotted asgeinst the corresponding vertical
veloclties for each ilmpact for both the light-weight end heavy-weight
conditions. For comparison, the calculated curve for a breakout force
of 24,000 pounds and the actual metering-pin-asrea variation is also shown.
The trend of the measured values appears to be similar to the trend of .
those calculated but there is considersble scatter in the measured val-
ues., This scatter does not appear to be related to the different values
of the breakout force corresponding to the various points. Furthermore,
an sttempt to correct the measured values to those corresponding to a
symmetrical lending with 1lift equel to the airplane welght and zero
rolling velocity on the basis of & simplified theory for a rigid airplane
did not result in any reduction of the scatter. An attempt to relate the
scatter to the effect of 1ift, attitude, and rolling veloclty by means
of an empirical analysis was equally unsuccessful. Because of the limited
amount of data and the scatter present, no effect of increasing the weight
epproximately 20 percent could be determined.

The relation between the vertical force at the time of maximum drag
force and the meximum vertical force for each impact 1s presented in
figure 7. The solid line represents the locus of points at which maxi-
mum vertical and drag forces occur simultsneously. In the range of
meximum vertical force below 30,000 pounds there sre a number of points
on this line. In the higher range of maximum vertical forece, it appears
that there might be & possibility that the meaximum vertical end drag
forces would not occur simultaneously; however, the limited data avail-
gble in the high load range preclude any definite conclusions.

Drag Force

Typical time histories of drag force, which are presented in fig-
ure L4 for a range of vertical velocitles, show that in most cases the
drag force bullds up to a maximum value as the wheel comes up to 80 or
90 percent of the free rolling speed. The drag force then drops rapidly
to zero end then negative as the wheel comes up to and then overshoots _
the free rolling speed. In some cases, such as that shown in figure L{c)
for the left inboard wheel, the drag force starts to bulld up, then to
decrease, and then to increase again. This type of varistion was found
in several other impacts, not shown here, in which the drag force near
the middle of the spin-up period was greater than thet when the wheel
was near 80 or 90 percent of the free rolling speed. Since the changes
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in coefficient of friction are small, it appears that these variations
in drag force are generally atitributeble to corresponding vertical-force
variations.

The unequel division of vertical force on two wheels of the same
truck results in unsymmetrical drag forces, particularly at the time
when one wheel has spun up and its drag force has decreased while the
other wheel is approaching meximum drag force. This distribution of
drag force results in & severe yewing moment shout the vertical axis
of the truck and the resulting yawing oscillation has been cbserved in
slow-motion pictures of the trucks during impact.

Coefficient of friction.- The variation of coefficlent of friction
p with slip ratio is presented in figure 8. The expression slip ratio
is defined in the appendix by equation (1). The top curve in figure 8(a)
shows the variation of u with slip ratio for an impact on & dry runway
with the vertical velocity at contact equal to 3.85 feet per second. At
the instant of contact the angulaer velocity of the wheel was zero and the
slip ratio was 1.0; as the wheel velocity approaches the free rolling
veloeity, the slip ratio spproaches O. The farces were too small to glve
relisble values of p until the slip ratic had decreased to approximately
0.9. As the wheel comes up to free rolling speed, the value of pu gred-
ually increases to & meaximum value of 0.73 at a slip ratio of 0.11. The
verietion from ppgy O 2zero slip ratio is not shown because the drag

force dropped so repidly in this range that the velues of p ere unreli-
gble and the slip ratio is difficult to measure accurately in this range.
The bottom curve in figure 8(a) is for a comparsble impact on a wet runway.

The faired curves from these and other impacts were used in fig-
ure 8(b). The envelopes of the curves formed the bounderies shown and
the curve within each boundery was the mean curve for each case (wet and
dry runway). The point indicsting Hpyax Tor each case waes the mean of

the individual values of pupg., and of the mean slip ratio at which ppg.

occurred. The mean value of p for the dry runway incressed gradually
from & value of 0.40 near the beginning of spin-up (slip ratio of 0.90)
to a maximum value of 0.72 at & slip ratio of 0.13. The mean value of p
for the wet runway varied from 0.20 near the beginning of spin-up to a
meximum value of 0.41 at a slip ratio of 0.07.

The differences in the variation of p among landings is believed
to be caused primarily by differences in the condition of the runwsy sur-
face - for example, for the dry runwsy the presence of skid merks, oil,
dirt, ete., and for the wet runway by these same effects and the amount
of water present on the runway.
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Computed forces.- Computations of the drag forces during the landing
impact were made for one landing condition for comperison with the meas-
ured drag forces. Measured vertical forces, approximste measurements of
first bending and torsion frequencies of the landing gear, and a two-
segment linear spproximastion to the varistion of tire-to-runway friction
coefficient with slip ratio shown in figure 8(b) were used in the com-
putation. The procedure is outlined in the appendix. Time histories of
the computed grownd-reaction drag forces are compared in figure 9 with
those of the measured results for the two wheels of a truck. The time
varlation of the drag force of each wheel 1s predicted with reasonable
accuracy, perticulerly the difference in the spin-up time of the two
wheels which resulted from the unsymmetrical impact.

The ultimate purpose of the tire-to-surface friction measurements
is to provide information for use in the study and prediction of landing
loads imposed on the aircraft structure. The computations were extended,
therefore, to include determination of the dynamic bending moment sbout
the vertical axis at one point in each wheel axle for which strain-gage
nmeasurements were gvallable for comparison. The comparisons of the
measured and computed axle-bending-moment time histories are shown for
the two wheels of the truck in figure 10. Computed static bending
moments are included to indicate the extent of the dynamic part of the
loed in the axle. The computed and experimentsl axle-load time histories
are at least qualitetlively similer, although there are some differences
in emplitude and phase of the oscillsting load. Both computed and experi-
mental results show rather large dynamic loads that arise primerily from
excitation of the torsion (yawing) mode of the landing gear by the large
end abrupt difference in drag ground-reaction forces on the two wheels,
which occurs when one wheel is operating in the region of slip ratios
greater than that at which p .. occurred and the other wheel is oper-

ating at slip ratlios less then that at which p .. occurred. The varie-

tion of u with slip ratio is much gresater for themsecoﬁd region then
for the first region. i )

Side Force

Some typical time histories of side force during spin-up are shown
in figure 4. The side force bullds up gredually during the first part
of the spin-up, end, as the wheel approaches the free rolling speed,
the side force increases more rapldly to the full value after spin-up.
The data of figure 4 and also the date not shown indicate that generally
at the time of maximum. drag force the side force is about 30 to 50 per-
cent of the meaximum vaelue. There were cases where maximum side force
and maximum vertical force occurred simultaneously end there were several
instances in which maximum drag force and maximum verticel force occurred
simultaneously. However, it would appear unlikely that all three forces
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would reach their meximm value simultaneously. Figure 4{c) presents
data for an impact in which the drift angle was between 4° and L.5° and
8 large value of side force is indicated. The side force after spin-up
is almost the same for each wheel of the truck while the vertical load
is much grester for the outboard wheel; this indicates, for this higher
range of Fy, that the side force is dependent on drift angle rather

than on verticgl load. This fact is more clearly indiceted in figure 11
which presents the varlation of side force with drift angle for constant
values of vertical force. The data are widely scattered in many cases;
however, the trend would seem to be similar to that shown by the feired
curves presented in figure 11. 1In the low range of vertical force
(curves a, b, ¢, d), the side force increases with increasing vertical
force st a given drift angle. At higher vertical forces (curves e, £,
g, h) the side force tends to become independent of vertical force and
to vary primsrily with drift angle.

CONCLUSIONS

This paper has presented some results obtained from tests conducted
on & large bomber-type airplane to determine the ground-reaction forces
imposed on the main landing gear under actusl landing conditions. The
test program covered 30 landings made at vertical velocities up to
8.4 feet per second and forward ground speeds from 81.0 to 119.5 knots
on both wet and dry concrete runways. A summery of some of the princi-
pal results follows:

(1) The vertical force on the truck at which the oleopneumstic
shock strut begins to compress veries over a wide range. The shock-
strut motion did not start &t the beginning of the impact but was delayed
until the vertical force on the truck had reached values ranging from
9,000 to 45,500 pounds. There was apperently no relation between this
breskout force and any other force or condition of the impact.

(2) The computed variation of meximum vertical force with vertical
velocity agreed reasonsbly well with the experimental results.

(3) There was a frequent occurrence of wmsymmetrical vertical forces
on the two wheels of a truck resulting in unsymmetricael drag forces,
particulerly during the time when one wheel had spun up and the other
was still in the process of spinning up.

(4) The mean value of coefficient of friction for the dry runway
increased graduselly from a value of 0.40 at the beginning of spin-up
(slip ratio of 0.90) to & meximum value of 0.72 at a slip ratio of 0.13.
The mean value of coefficient of friction for the wet runway varied from
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0.20 at the beginning of spin-up to & meximum value of 0.4l at a slip
ratio of 0.07. ' i

(5) In the low vertical-force range, the side force varied with
drift angle and vertical force. At high vertical forces, side force
veried primarily with drift sngle and further increase of vertical
force had little effect on side force at & glven drift angle.

Lengley Aeronsutical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., Februsry 6, 1958.
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APPENDIX -

METHOD OF COMPUTING SPIN-UP AND SPRING-BACK DRAG FORCES IN AN
UNSYMMETRICAL: LANDING IMPACT OF A DUAL-WHEEL

LANDING-GEAR TRUCK

In this appendix the method used to calculate the dynamic forces
and moments presented in figures 9 and 10, respectively, for landing 15
is discussed. The method makes use of the measured time histories of
the vertical force and an epproximation of the mean variation of coeffi-
cient of friction with slip ratio shown in figure 8(b). A sketch of the
simplified dval-wheel landing-gesr configuration with the notation used
in the celculations is presented in figure 12.

The forward and rearwerd displacement of the truck due to bending
was assumed to be proportional to the total drag force at the axle; the
twisting of the truck was likewise assumed to be proportional to the
yawing moment and to teke place entirely asbout the vertical center line
of the truck (no offset being assumed between the axle center line and
the strut center line). The velocity of the airplane and the rolling
radius for each tire was assumed to be constant throughout the impact.

The slip ratio S 1s defined in reference 5 as

s Vaxie ~ rré
) Vaxle
where
Vaxle velocity of axle
r. rolling radius of wheel

@De

anguler velocity of wheel under application of torque

The axle velocity may be expressed as

=V, - &
Vaxle a =0
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where _ .
Vg airplane velocity : o <
o] axle displacement due to flexibility of landing gear (positive -

when rearward)

The slip ratio then becomes

The 8 term was eliminated from the denominator since $ was small
compared with Vg; however, in the numerator $ was retained since it

was significant compared with Vg - rre The equation used for slip
ratio in these computations is

S = & r (1)
v

Four degrees of freedom for the truck were assumed: forward and .
rearward bending in the strut, twisting sbout the strut axis, and rota-

tion of each wheel. The equation of motion for forward and rearward N my_;

bending is _ —
Bg + 8, + ‘DX(SR““SL) FhR;FhL (2)

where

Wy natural frequency of gear in forward and rearward bending B

m mass of each wheel and tire

R, L subscripts denoting right and left wheels, respectlvely, of

truck (for this case R 1is for right outboard and L is
for right inboard)

The equation of motion for twisting is -

. 2
Bg - O, + sz(aR - 8) = (Pn,r - Fn L)ZIZ (3)
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where

Wy, natural frequency of gear in torsion

Iy noment of inertis of wheels about vertical center line of
truck

c distance between the two wheels of a truck

If the vertical force is assumed to act through the axle center line,
the equation of rotation for each wheel is

5 - Fhrd _ Fvurd ()
To To
where
ry distence from axle to ground
I moment of inertia of wheel about axle

If it is assumed that Vg and r, are constant, differentiating .
equation (1) with respect to time gives

§- .5 . =
Vo Ve

Substituting equation (4) into this expression gives

oy Fr.r
o] vdr (5)

—_—
Ve  IoVa
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The resulting equations of motion for the system are

Fv,R - Fe,L

L1} .e 2
SR+5L+a>X(aR+aL)- ~— pg - —= b, = 0

. 5 Fy gC° ' Py 1C%
8y - &y, + w (85 - B) " E, uR+__:__2IZ b = 0

. ; (6)
8g . Fv,RFdTr

B n = + 8 =0
A Igv, 'R TR

8. Py IXaly .

L, ECT b, + S =0
A IV, -

o

For these computatlions the variation of p with S was approxi-
meted by two straight lines as follows: For S = -0.13 to 0.13, u
varied linearly from ~0.73 to 0.73 or

L= 5.628 (-0.13 < 8 < 0.13) (7D
and for S = 0.13 to 1.00, p varied from 0.73 to 0.45 or
B =0.7T - 0.328 (0.13 < S < 1.00) (8)

In order to obtain the drag forces, the computations were divided
into three intervals: the first was the intervel in which both wheels
were operating at slip ratios greater than 0.13, the second was that
intervel in which one wheel (the left in this case) was operating at
slip ratios less than 0.13 while the other wheel was still operating at
slip ratios greater than 0.13, and the third was the interval in which
both wheels were operating at slip ratios less than 0.13. By substi-
tuting the proper variation of up and pj (egs. (7) end (8)) for each

of the three intervals, equations (6) can be solved and the variation

of the slip ratio with time can be determined. By substituting these

values of slip ratio into equations (7) and (8) and using the relation
Fp = wFy, the variation of drag force with time can be determined.

In computing the drag forces shown in figure 9 certain simplifice-
tions were made., Since the flexibllity of the gear has a relatively
small effect on the slip ratio, this flexibility would have very little
effect on Fy 1in the first interval because of the insignificant varia-

tions of p with these small varistions of S. Therefore, equation (5)
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was modified by elimineting the § term and solved separately for each
wheel by & simple iteration process from the initial condition of

S =1.00 until one of the wheels reached a slip ratio of 0.13 (in this
case the left wheel). This solution gave values of S for time incre-
ments throughout this interval. By use of this time history of S <the
time history of ¥y, was determined for both wheels. Equations (2) and

(3) were evaluated for small time intervals, Ab = 0.0l second, assuming
that (Fh,R + Fh’L) and (Fh,R - Fh,L> varied linearly with time during
these small intervals. From these results varlations of &g, 8p, Sg,
and Sy with time were determined and from these time histories the
initiel conditions for the second interval were obtained.

During the second interval the vertical forces were reaching a peak
end the varietion with time was much less than in the first Interval,
so that for each wheel a constent value of F, equal to the average

Fy, of that wheel during the interval was assumed. Equations (7) and
(8) were substituted for u; and ug, respectively, in equations (6)
and simultaneous solutions up to the time that S = 0.13 gave time
histories of &g, &, Sy, and Sy. These time histories established

the initial conditions for the third intervel and the slip-ratio time
histories established the drag-force veariation of each wheel for the
second intervel.

The third interval was computed in the sasme menner as the second
intervel except that equation (7) was substituted for both py eand pg

in equations (6).

For computing the bending moment in the axle, the following rela-
tion was used for the right side (see fig. 12):

. 5r - 3L
Mp,R = Fn,RBR - ™BROR - To\— (5 — (%)
where
My R bending moment in axle (at station 2 shown in fig. 3)
b
Br distance from center of wheel to station 2

To moment of inertia of wheel &bout its vertical axis
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Similarly, for the left axle

Mp,1, = Fn, 1By, - mBrly, - Im<9L—;35> (20)

It may be seen that the moment in the left axle produced by & posi-
tive drag force is of opposite sign to that produced in the right axle
by & positive force. In presenting the data in figure 10, however, the
moment produced by a positive drag force was presented as a positive
moment for either axle. -
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TABLE II.- INITYAL TMPACT CORDITIONS
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Figure l.- Airplane used in the investigation.
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Angular accelerometer inside wheel
(angular acceleration)

Strain gages
(vertical, drag and
side loads in axle)

Tachometer

”’\/— (angular velocity)

by
\ /
\ .
‘\_\%&_ Linear accelerometers

(inertia correction)

Outer brake shoe

Trailing arm
(tire deflection and vertical velocity)

Figure 2.- Main landing-gear truck with one wheel removed to show
arrangement of instrumentation. Trailing arm also shown.
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Figure 3.- Vertical sectlon of axle structure.
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(a) Dry runwey, Vy = 1.60 fps (first impact), Vy = 0.25 fps
(second impact), laending 1.

Figure 4.~ Typical time histories of ground-reaction forces and wheel
anguler velocities for several impacts.
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(b) Dry runwey, Vy = 2.80 fps, landing 12. Ticks on vertical-force
curves indlcate point at which shock strut begins to compress.

Figure L.~ Continued.



NACA TN 42k7 29
Vertical
————— Drag (strain gages)
—-—Drag(angular acceleration)
~———Side
16x103 -————Angular velocity, rpm 800
12 N
Left inboard 600
8 400
= 4 200
3]
2
e 0 — : 0
S 3 i “‘I/ v Vi
E’ 20xI0 Left outboard ' v A 7
)]
L lef
=
3
5 12F
8¢t
4L
#
0
-4
0

Time, sec

(c) Dry runway, Vv = 3.85 fps, landing 10. Ticks on vertical-force

curves indicate polnt at which shock strut begins to compress.

Figure 4.~ Continued.

Angular velocity, rpm



30

NACA TN hahT

Vertical
—~————Drag (strain gages)
————Side
. —-—-—-—aAngular velocity, rpm
28xI0 -
24 )
20 Left inboard
6 - 800
2 -1600
8 —4400
eﬁ 4 = 200
§ -_/\;;.\_/—-"\—‘-—~__—’—~_——
o ) .
s R e
S | / { //\ \ L= A =
§ —4 i l“l I/I “\,’IA\\_,’/\;\VI/ \\_l/ ~_, '*:>".:
L 24%103 L v 1 %
E W 3
S 20} Left outboard 3
=3
o goo <
12 600
8 400
a 200
o T i 0
40 } 2 .3 4
Time, sec

(d) Dry runwey, Vy = 4.35 fps, landing 21.
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curves indicate point at which shock strut begins to compress.

.Figure L.~ Continued. -
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(e) Dry runway, V, = 5.70 fps, landing 18. Ticks on vertical-force
curves indicate point at which shock strut begins to compress.

. Figure 4.- Continued.
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Figure 5.~ Calculated variastion of maximum truck verticel force with

vertical velocity.



34 NACA TN k2l

1.8
-
16 - : 4
Airplane weight P
© 95,000 to 100,000 Ib // ©
& 120,0001b i
14 -
/
/é
//
- lated /ﬁ)
Calculate
_\'/O
1.0 /
,0
F
v, max o /
b d C o
W/Z 8 /1 O
. ~ o
© /s
/s Floe
4 d
6 RN /’-/ =
o ta” ol ©
@ 70
4 o B/
o D[ Uo i
o |/
°,/0 ©
2 //E
/
/
/
/
o . ‘ - X " - - . - .

Vertical velocity, fps

Figure 6.- Veristion with vertical velocity of meximum truck vertical
force divided by one-half of the airplane weight.
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Figure T.- Variastion of Fy at Fh,ma.x with Fv,max for each :meac*l;.
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Figure 8.- Veriation of coefficlent of friction with slip ratio.
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Figure 9.- Comperison of computed and measured ground-reaction drag
forces. Dry runway, V, = 6.10 fps, landing 15.
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Figure 10.- Comparison of computed and measured bending moment in axles.
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Figure 12.- Simplified dusl-wheel landing-gear configuration used in
the drag-force and axle-bending-moment computations.
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